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ABSTRACT 

IC 2163 and NGC 2207 are interacting galaxies that have been well studied 
at optical and radio wavelengths and simulated in numerical models to repro- 
duce the observed kinematics and morphological features. Spitzer IRAC and 
MIPS observations reported here show over 200 bright clumps from young star 
complexes. The brightest IR clump is a morphologically peculiar region of star 
formation in the western arm of NGC 2207. This clump, which dominates the Ha 
and radio continuum emission from both galaxies, accounts for ~ 12% of the total 
24/im flux. Nearly half of the clumps are regularly spaced along some filamentary 
structure, whether in the starburst oval of IC 2163 or in the thin spiral arms of 
NGC 2207. This regularity appears to influence the clump luminosity function, 
making it peaked at a value nearly a factor of 10 above the completeness limit, 
particularly in the starburst oval. This is unlike the optical clusters inside the 
clumps, which have a luminosity function consistent with the usual power law 
form. The giant IR clumps presumably formed by gravitational instabilities in 
the compressed gas of the oval and the spiral arms, whereas the individual clus- 
ters formed by more chaotic processes, such as turbulence compression, inside 
these larger-scale structures. 
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Subject headings: galaxies: interacting — galaxies: individual (NGC 2207) - 
galaxies: individual (IC 2163) — infrared: galaxies 

1. Introduction 

IC 2163 and NGC 2207 are interacting galaxies at a distance of 35 Mpc (Elmegreen et al. 
1995a, hereafter Paper I). IC 2163 has an unusual bright oval of star formation shaped like 
an eyelid ( "ocular" structure) at mid-radius that was predicted to be the result of large-scale 
gaseous shocks in simulations of grazing prograde encounters (Elmegreen et al. 1991; Sundin 
1993). Several ocular or post-ocular galaxies and their companions have been observed and 
modeled in detail by our group (Kaufman et al. 1997; Kaufman et al. 1999; Kaufman et al. 
2002). The IC 2163/NGC 2207 pair was observed at optical (Elmegreen et al. 2000, hereafter 
Paper III; 2001, hereafter Paper IV), millimeter (Thomasson 2004), and radio wavelengths 
(Paper I; Elmegreen et al. 1995b, hereafter Paper II). HST WFPC2 observations were used 
to measure the properties of compact star clusters, many of which satisfy the criteria for 
super star clusters (SSC; Paper IV), and to determine the opacities of dust clouds in the 
foreground screen provided by NGC 2207 (Paper IV). The HST observations also showed 
that the clusters and stellar groupings in five major star-forming regions are hierarchically 
distributed and that the fractal dimensions of the star fields are comparable to the fractal 
dimension of interstellar gas (Elmegreen & Elmegreen 2001). Also, HST PC images of the 
central region of NGC 2207 revealed what appears to be acoustic turbulence (Elmegreen et 
al. 1998; Montenegro, Yuan & Elmegreen 1999; for other examples, see Martini et al. 2003). 

Detailed numerical simulations have reproduced over two dozen dynamical and struc- 
tural details of the IC 2163/NGC 2207 pair (Paper II; Paper III; Struck et al. 2005, hereafter 
Paper V). The simulations suggest that NGC 2207 is moving prograde in the plane of IC 
2163, causing tidal forces that initially compressed and stretched IC 2163 so that the stars 
were jarred into caustic patterns and the gas was shocked into bright star-forming ridges. 
Tidal forces in NGC 2207 were perpendicular to its disk, causing perpendicular oscillations 
and possible warping (Paper II). There is widespread high velocity dispersion in the HI gas in 
these galaxies, commonly reaching ~ 50 km s _1 in otherwise normal-looking regions. These 
dispersions have since been found in all the ocular interactions (see references above) and 
in other near collisions (e.g., Irwin 1994). Because of the extraordinarily large HI clouds 
(10 8 M©) that are also present (as observed also in other close encounters - Irwin 1994; 
Smith 1994), the observed velocity dispersions promoted the idea that tidal dwarf galaxies 
can form because of super-size gravitational instabilities in the gas (Elmegreen, Kaufman, 
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& Thomasson 1993; Wetzstein & Burkert 2005). An even larger cloud located at the tip of 
the far-western arm in NGC 2207 and containing 10 8,9 M appeared to be triggered by the 
interaction as well; tidal forces can accumulate outer disk material at this point (Mirabel, 
Dottori, & Lutz 1992; Elmegreen et al. 1993; Due, Bournaud, & Masset 2004). 

NGC 2207 contains a peculiar region of intense emission at Ha and radio continuum 
wavelengths (hereafter called Feature i, following the nomenclature in Paper III). Feature i 
is located on a spiral arm in the western outer disk. Supernova 1999ec occurred just south 
of this region, near two other small IR clumps (see Fig. 10 below). The Ha luminosity 
of Feature i, spanning 6 arcsec in diameter, is equivalent to that of 30 Dor in the Large 
Magellanic Cloud. The radio continuum emission comes from a ~ 1 arcsec core with ~ 300 
times the luminosity of Cas A at 6-20 cm (Vila et al. 1990), and an extended component 
(~ 2 kpc diameter) with ~ 1500 times the luminosity of Cas A (Paper II). HST reveals an 
unusual dust cloud elongated for 300 pc perpendicular to the local spiral arm and containing 
> 10 6 M of gas with > 3 magnitudes of optical extinction (Paper IV). HST also shows 
a red V-shaped feature extending for ~ 500 pc in the opposite direction to the dust cloud 
(Paper III). Between the dust cloud and the red V is a very red region that may contain 
several massive clusters. Perhaps Feature i is a young star cluster that formed with such a 
high density that the central stars combined into a black hole, as in models by Ebisuzaki et 
al. (2001). 

Spitzer Space Telescope (SST) observations of other galaxies reveal old and young 
stars at the shortest wavelength (3.6/zm) in the Infrared Array Camera (IRAC, see Fazio 
et al. 2004), and PAH emission and heated dust continuum at the longer IRAC wavelengths 
(4.5;um, 5.8/im, and 8.0/im; e.g., Helou et al. 2004; Willner et al. 2004). The 8/im band in 
IRAC and the longer wavelength bands in the Multiband Imaging Photometer (MIPS; Rieke 
et al. 2004) tend to show more filamentary structures, such as those seen in M81 (Gordon 
et al. 2004a). 

Here we present IRAC and MIPS observations of IC 2163/NGC 2207 with the SST in 
order to consider the distribution and properties of clumpy emission at IR wavelengths. The 
HST data showed the presence of many super star clusters (SSCs), with the most massive 
having comparable luminosities to the most massive clusters in the Antennae galaxies (Zhang 
& Fall 1999). This is peculiar for IC 2163/NGC 2207 because the total number of clusters is 
100 times smaller than in the Antennae. Generally, larger samples of clusters have brighter 
brightest members, with a near-linear relation between brightest luminosity and number 
of members for an n(L)dL cx L~ 2 dL luminosity (L) distribution function (Whitmore 2002). 
The similarity of the brightest members in IC 2163/NGC 2207 compared with the much more 
prolific Antennae galaxy suggests that the cluster luminosity function in IC 2163/NGC 2207 
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is either a flatter power law than what is seen in the Antennae, or it is peaked at the high 
mass end. The most massive clusters are in the eyelid part of IC 2163, which, according 
to our models, is a galactic shock front caused by the sudden radial motion of disk gas 
responding to tidal torques. Many other clusters have formed in filamentary shocks as well. 

The SST images are not resolved well enough to separate individual star clusters within 
a clump. The clumps that can be observed are the equivalent of star complexes, which are 
collections of OB associations and dense clusters ranging in size from several hundred parsecs 
to a kpc (Efremov 1995). In contrast, our HST observations gave luminosities for individual 
clusters. We compare these two data sets here. The extended IR emission that was observed 
with SST will be the subject of a forthcoming paper (Kaufman et al. 2005). 

2. Data and Overall Emission 

Observations were made with the Spitzer Infrared Array Camera on February 22, 2005 
and the Multiband Imaging Photometer on March 11, 2005. For the IRAC observations 
at 3.6, 4.5, 5.8, and 8/xm, the full array readout mode was used, with high dynamic range. 
The frame time was 30 sec, using a cycling dither pattern with 9 positions. The images 
have a scale of 1.2 arcsec pixel -1 , corresponding to ~ 200 pc at 35 Mpc. For the MIPS 
observations, the large field size was used for 24/im and 160/im, and the small field size for 
70 /im. For 24/im, the exposure time was 30 sec. For 70/im, a raster map was made with 
a 3x3 raster and a step size of 1/2, with a 10 sec exposure time. For 160/im, 4 cycles were 
used, with 10 sec per cycle. The image scales are 2.45 arcsec pixel -1 , 4.0 arcsec pixel -1 , and 
8.0 arcsec pixel -1 for the 24/im, 70/im, and 160/im bands, respectively. The corresponding 
point-spread functions are 2.0 - 2.4 arcsec (FWHM) for the IRAC images and 5.9 arcsec, 18 
arcsec, and 40 arcsec, respectively, for the MIPS bands. 

The Basic Calibrated Data images are shown in Figure 1, with each band represented 
separately for IRAC and MIPS. For comparison, a B-band HST WFPC2 image is also shown 
(from Paper IV). The line in the upper left shows a scale of 30 arcsec, which corresponds to 
5100 pc at the distance of 35 Mpc. The clumps and spiral arms in the IRAC bands match the 
HST optical features well. There is a semi-circular shell 1600 pc in diameter in the southern 
arm of NGC 2207 (marked in Figure 2 below) that is not obvious in the optical images but 
partially coincides with an Ha feature (Fig. 3 below) and a dust arc. 

Feature i stands out in all IRAC and MIPS images as an intense source in the western 
outermost arm of NGC 2207. The central 2 pixels of Feature i are saturated in the 24/xm 
image. The eyelid region of IC 2163 is also prominent in all IRAC and MIPS bands; it 
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dominates the 160/xm image, although it is unresolved. The MIPS 70/zm image is similar to 
the 20 cm radio continuum image (shown in Paper I). A detailed comparison between MIPS, 
HI, and radio continuum emissions will be made in a second paper (Kaufman et al. 2005). 

Figure 2 shows a color composite image of the four IRAC bands, with colors ranging 
from blue for the short wavelength band to red for the long wavelength band. The prominent 
features discussed in this paper are identified. The spiral arms in NGC 2207 are clearly 
segmented into regularly spaced beads of emission. The same is true for the oval in IC 2163, 
although the individual beads are difficult to see with the contrast level in this color image 
(they show up better in Figs. 4 and 15 below). 

Figure 3 is an overlay of 8/xm contours on an Ha emission image (from the ground-based 
continuum-subtracted Ha image in Paper IV). The bright 8/xm clumps match the HII regions 
well. A generally good match between 8/xm and Ha was also found for NGC 300 by Helou et 
al. (2004). Kennicutt (2005) noted that 95% of the infrared clumps in nearby galaxies of the 
Spitzer Infrared Nearby Galaxy Survey (SINGS - Kennicutt et al. 2003) have associated HII 
regions, and that this implies star-forming regions take less than 1 Myr to become optically 
visible. 

A map made by dividing the 3.6/zm image by the 4.5/xm image is shown in Figure 4. 
The nuclei disappear and the star-forming clumps become more prominent. Evidently, the 
[3.6]/[4.5] ratio is about constant everywhere outside the clumps. This implies that the 
mixture of field stars and diffuse hot dust emission is uniform outside the clumps. Inside 
the clumps, the [3. 6]/ [4. 5] ratio is low (black in the image). This low ratio may be the 
result of an excess of H Bra at 4.5/im from ionization inside the clumps (Churchwell et al. 
2004; Whitney et al. 2004); the hot and bright stars which contribute to this ionization are 
not prominent at either 3.6/im or 4.5/im. Figure 5 shows scans through both nuclei out to 
the galaxy edges in 3.6/im and 4.5/im and in the ratio [3.6]/[4.5]. The uniformity of the 
interclump [3.6]/[4.5] ratio is also evident here. Clumps at the far right of the scan (west in 
the image) break this uniformity with low values of [3.6]/[4.5]. 

The total flux densities in IRAC and MIPS were determined for the combined galaxies, 
the eyelid and interior region of IC 2163, and Feature i. We used the imstat routine in the 
Image Reduction and Analysis Facility (IRAF) to measure the total flux inside a box with a 
fixed size for each region. Backgrounds determined from neighboring boxes were subtracted. 
The results are given in Table 1. For Feature i, the box size was 24", which is 3 times the 
MIPS 160/im pixel scale. 
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3. Clumpy Emission 
3.1. IRAC colors 

Photometry for 225 IRAC clumps, identified by eye in the 3.6/xm image, was done in 
all possible passbands using phot in IRAF. All the measured clumps are circled in Figure 6; 
stars are denoted by squares. The clumps also show up in the other passbands (Fig 1) but 
the longer wavelengths show the more filamentary, gaseous structures. The brightest clumps 
in the figure are numbered and Feature i is indicated; their properties are listed in Table 2, 
including Ha flux. The positions and IRAC fluxes of all the measured clumps are presented 
in Table 3. 

The photometry was performed using a fixed aperture 3 pixels in radius with background 
determined from an annulus 5 pixels in width, separated from the aperture by 5 pixels. The 
IRAC counts in MJy/ster were converted to flux densities by multiplying by the areas of 
the pixels, and then converted to magnitudes using the zeropoints given in the online IRAC 
tables of the Data Handbook 1 . The photometric accuracy of the IRAC images is better 
than 0.1 mag. We find that the measurement uncertainties are 0.2 to 0.5 mags for different 
regions because of varying sky backgrounds and variations within the clumps. The faintest 
clump was 18.7 mag at 3.6/im, which corresponds to an absolute magnitude of —14.0 at a 
distance of 35 Mpc. 

Color-magnitude diagrams for all measured IRAC clumps are shown on the left in 
Figure 7. Different symbols correspond to different locations in the galaxies: inner regions 
(triangles), eyelid or middle (squares), and outer regions (circles). Open symbols are for 
IC 2163 and filled symbols are for NGC 2207. The rms scatter in color increases as the 
clumps get fainter. We judged that the color errors start to be significant for [3.6] and [4.5] 
magnitudes fainter than 16, [5.8] magnitudes fainter than 14, and [8.0] magnitudes fainter 
than 12.5. Complete removal of any object with at least one passband fainter than these 
limits led to 116 remaining clumps, which we will refer to as the low-noise group; the other 
clumps will be referred to as the high-noise group. The color-magnitude diagrams for the 
116 low-noise clumps are shown on the right of Figure 7. The brightest object in all diagrams 
is Feature i in NGC 2207. The next brightest objects are in the eyelid of IC 2163, most of 
which are 1-2 mag brighter at 3.6/im than any other clump. 

Figures 8 and 9 show color-color plots of the 116 low- noise clumps. They all cluster in a 
narrow region on these plots, indicating some uniformity to the properties of the interstellar 



1 http://ssc. spitzer.caltech.edu/irac/dh, Chapter 5 
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medium. There are no obvious trends between color and location. In Figure 8, the colors of 
dust (Li & Draine 2001) and G0-M5 stars (Jones et al. 2005) are shown by a plus symbol 
and diamond, respectively (from Smith et al. 2005; Whitney et al. 2004). In Figure 9, the 
plus symbol shows the dust again, but the G0-M5 stars would be off scale at [4.5]-[5.8]~ 0.1 
and [5.8]-[8.0]~ 0.1. The nuclei of both galaxies are shown by X symbols in both figures; 
they have essentially the same colors as G0-M5 stars (Jones et al. 2005). The [3.6]- [4.5] 
colors of the clumps are redder than G0-M5 stars by ~ 0.1 — 0.3 mag, signifying populations 
with average ages younger than A0V stars (e.g., Pahre et al. 2004a). The [4.5]- [5.8] colors 
are redder than G0-M5 stars by ~ 1.5 — 3 mag, again indicating young ages. 

Several studies have considered whether IR emission from a given region is starlight- 
dominated, PAH-dominated, or blackbody emission in certain passbands. Engelbracht et 
al. (2005) examined IR spectra, IRAC, and MIPS data of spiral galaxies, compared them 
with stellar evolution models, and showed a clear division between sources containing PAH 
emission and sources not containing PAH emission based on the ratio of starlight subtracted 
4.5/xm flux density to 8//m flux density; a ratio less than 0.05 corresponds to the presence of 
PAH emission. They assumed that the 3.6/im emission is dominated by old starlight (e.g., 
Helou 2004). Following their method, we subtracted a scaled 3.6/zm emission (with a factor 
0.57 which they based on Starburst 99 models from Leitherer et al. 1999) from the 4.5/im 
emission for each clump; the ratio of this reduced 4.5yum emission to the 8/zm emission fell 
below 0.05 for 215 out of the 225 clumps, indicating that these clumps should contain PAH 
emission. Such PAH emission is expected to contribute mostly to 5.8 fim and 8fim bands 
(e.g. Helou et al. 2004, Wang et al. 2004). Sajina, Lacy, & Scott (2005) showed that PAH's 
are located in a different region of \og[Ss/ S^} versus log [55.8/53.6] than starlight (see their 
Fig. 6). Our clumps are almost all in the range of log (5s/54.s) = to 1, log (S^^/S^.q) =0.7 
to 1.5 for these flux ratios, which falls within the PAH regime of the diagram. Also, our 
clump color distribution for [5.8]-[8] peaks between 1.6 and 2.2, which is consistent with 
PAH-dominated emission at these wavelengths, as modeled by Li & Draine (2001). 

In other SST observations of interacting galaxies, Arp 107, at a distance of 138 Mpc, was 
found to have numerous clumps in a ring-like distribution with a 1.3 mag azimuthal variation 
of [4.5]-[5.8] colors indicating a stellar age gradient, as matched by numerical simulations 
(Smith et al. 2005). The clumps studied in Arp 107 were divided into brighter and fainter 
ones. The brighter clumps had slightly redder [4.5]-[5.8] and [5.8]-[8.0] colors (by about 0.5 
mag) than the fainter clumps. Smith et al. interpret the redder clumps as having a higher 
proportion of young to old stars. Our clumps on average have about the same [3.6]- [4.5] 
colors as all of their clumps, ~-0.2 to 0.3, with colors that are about 0.5 mag redder than 
their bright clumps in [4.5]-[5.8] and similar to their bright clumps in [5.8]-[8.0]. These redder 
colors suggest that our regions are slightly younger on average than theirs. 
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Spitzer IRAC observations of the Antennae galaxy pair NGC 4038/4039, at a distance 
of 21 Mpc, reveal clumpy star formation and extensive PAH emission (Wang et al. 2004). 
Their average [5.8]-[8.0] clump color is ~ 1.8 mag, which is consistent with our clump colors. 
M51 also has prominent star-forming clumps and bright filaments in SST images (Calzetti 
et al. 2005). IRAC and MIPS observations of M81 (Gordon et al. 2004a) and M31 (Gordon 
et al. 2004b) show that the prominent clumpy UV, 8/im, and 24/xm features correspond well 
to one another. 

The alignment between IRAS clumps and Ha emission in IC2163/NGC 2207, the color- 
color distribution of the IRAC clumps, and the likely presence of PAH emission from them, all 
suggest that these regions are relatively young. Precise age estimates are not possible without 
better calibrations of the relative contributions to the IRAC bands from young and old stars, 
dust, free- free emission, PAHs, and other possible emission sources. Nevertheless, the young 
ages found here are consistent with the ages derived by more conventional techniques using 
HST data, which are up to several xlO 7 years (Paper IV). 

3.2. Sample Comparisons with HST emission 

Each IRAC clump is composed of numerous smaller clusters and associations that are 
individually visible with HST. The super star clusters found with HST, for example, are 
inside the IRAC clumps, although these IRAC clumps do not appear to be more luminous 
or special in any way. 

Figure 10 shows two IRAC star forming regions in detail; Feature i is on the left and 
clump IR 9 from the eyelid region is on the right. The contours are 8/xm emission at 2.2 
arcsec resolution and the gray scale is the optical emission at 0.13 arcsec resolution. In the 
vicinity of Feature i, there are two ~ 10 4 ' 5 M Q super star clusters (SSC) from the catalog of 
Paper IV, many other clusters and associations, four IRAC sources from Table 3, an optical 
supernova source, and a dust streak to the southwest of a very red cluster near the center 
of the large 8/im source. In the vicinity of IR 9, there are 2 super star clusters and 2 other 
IRAC sources. 



3.3. Comparison with Ha emission 

The luminosities of HII regions were calculated in Paper IV based on ground-based Ha 
images. The Ha resolution is similar to the IRAC resolution. For individual clumps there 
is a correlation between the Ha luminosity, which ranges from 5 x 10 4 L to 4 x 10 6 L , 
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and the passband-combined IRAC luminosity, which ranges from 2.5 x 10 6 L© to 2.5 x 10 8 
L (using L = 4 x 10 33 erg s" 1 ). There is a scatter around this correlation of ~ 0.5 mag, 
which is most likely the result of slight age and extinction differences. The luminosities are 
compared in Figure 11. The brightest feature in both passbands is again Feature i. For the 
individual clumps, the average ratio of Ha to 3.6/zm is 0.052 ±0.062. For Arp 107, this ratio 
averages 0.04 (Smith et al. 2005). For Ha/8/xm, our average ratio is 0.005 ± 0.006 and for 
Arp 107, the ratio ranges from 0.006 to 0.05. 

For the combined galaxies, the ratio of Ha to 3.6/im luminosity is 0.009. This ratio is 
slightly less than that in Arp 107, where it is 0.012 for the large galaxy and 0.025 for the 
small galaxy (Smith et al. 2005). It is also slightly less than in NGC 7331, where it is 0.013 
(Regan et al. 2004). The ratio of Ha to ^m for the combined IC 2163/NGC 2207 pair is 
0.007, which is slightly less than 0.0083 and 0.025 for Arp 107, and 0.030 for NGC 7331. 

3.4. Spectral energy distributions 

The IRAC SEDs for the clumps in Table 2 are shown in Figure 12, with the log of the 
wavelength times flux density, \F\, versus the log of the wavelength. The B, V, and I flux 
densities from HST are also plotted. They were measured in the HST images using apertures 
36 pixels in radius to correspond to the apertures used for the IRAC images. Some of the 
SEDs dip down toward the blue, presumably because of extinction in these optical bands 
(see Paper IV). All of the clumps show a dip at 4.5/im. 

The brightest clump is Feature i, which is represented twice in Figure 12: once as an 
IRAC flux like the other clumps and again as a flux from all passbands inside a 24" box, 
including MIPS images. The line with open circles indicates the IRAC values using the usual 
1.2" pixel size of this instrument, with photometry done in an aperture of 3 pixel radius, as 
for the other clumps. The flux inside the 24" box is indicated by a dotted line and x-marks; 
it has the background subtracted as determined from neighboring boxes. The two curves 
for Feature i are similar at short wavelengths because the 3-pixel central source dominates 
the emission inside the 24" box. The combined light from IC 2163 and NGC 2207 is shown 
in Figure 12 as the long solid line. The eyelid plus interior of IC 2163 is shown as a long 
dashed line. 

The integrated SEDs from other galaxies observed in the SINGS survey are similar to 
the integrated SED in Figure 12. Dale et al. (2005) show SEDs for galaxies spanning a wide 
range of Hubble types. Our combined-galaxy SED resembles the integrated SEDs for the 
Seyfert I galaxy NGC 1566 (SABbc), the HII galaxy NGC 2403 (SABcd), and the LINER 
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galaxies NGC 1097 (SBb), NGC 7552, and NGC 3190 (SAap). These galaxies all have a dip 
at 4.5/xm, a local peak at 5.8 or 8/xm, a trough at 24/xm, and a rise to 70/zm or 160/im, like 
IC2163/NGC 2207 combined. There are also other galaxies in Dale et al. (2005) that are 
qualitatively similar; many of them are LINERs or Seyferts. 

Theoretical curves in Dale et al. (2005) fit the region from 24/iin to 160yum with con- 
tinuum emission from dust. We determined dust temperatures from MIPS data for the 
combined galaxies, the eyelid and interior regions of IC 2163, and Feature i. They are based 
on the flux densities in Table 1. Because there can be different dust components contribut- 
ing to the short and long wavelength bands of MIPS, we calculated blackbody temperatures 
from both the 24/im/70/im ratio and the 70/im/160/zm ratio. Dust temperatures were not 
determined for individual clumps because of the lack of resolution in the long wavelength 
bands. For these three regions, the dust temperatures from the short wavelength ratios 
were approximately 50K, 52K, and 58K, respectively. Similarly, the dust temperatures from 
the long wavelength flux ratios were 25K, 24K, and 36K, respectively. The uncertainties 
in our flux densities are about 20% based on the MIPS Data Handbook 2 . This would give 
a temperature range of ±3K for the above measurements. Thus, the temperatures for the 
combined galaxies and the eyelid are essentially the same, but the temperature in Feature i 
is slightly warmer. This is also evident from the SED in Figure 12, which shows a downturn 
from 70/im to 160/xm for Feature i, unlike the other SEDs. 

3.5. IRAC Luminosity Functions 

Clump luminosities were determined from the IRAC bands. The MIPS bands contain 
diffuse ISM emission that is unrelated to star complexes (Haas et al. 2002), and they are 
also poorer resolution, so we do not include them here. For the IRAC bands we integrated 
the flux density over wavelength, 

4 

L IRAC (erg s- 1 ) = 4tt j D 2 10- 23 ^ F.AA,, (1) 

i=i 

where the bandwidths AA for the 4 bands are 0.75/xm, 1.015/im, 1.425/im, and 2.905/xm 3 ; 
i — 1 corresponds to 3.6yum, i — 2 corresponds to 4.5/im, etc., and Fj is the flux density in 
Jy per micron (= 10~ 4 F u c/\ 2 with cgs units for speed of light c and wavelength A). For this 
equation, D is the distance of 35 Mpc, evaluated in cm. 



2 http://ssc.spitzer.caltech.edu/mips/dh/mipsdatahandbook3.1.pdf 
3 http://ssc. spitzer.caltech.edu/documents/som/irac60.pdf, page 82 
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Figure 13 shows the IRAC luminosity functions for the three main regions of each galaxy 
(inner, middle, and outer, as in Figs. 7-9). The bar-chart histograms are counts in bins of 
width 0.5 in the log of the luminosity (in L ) for the low-noise clumps. The open squares are 
counts for all the clumps, including the high-noise clumps. The x-marks on the abscissae are 
the sensitivity limits, 10 6 57 L , defined by an integration over the separate limits mentioned 
in reference to Figure 7: 16th mag for [3.6] and [4.5], 14th mag for [5.8], and 12.5 mag for 
[8]. 

The smooth curves in Figure 13 calculate the luminosity distribution in a different way, 
this time including both the low-noise group (116 clumps, plotted with solid-line curves) and 
the combined low and high-noise groups (116 + 94 clumps, plotted with dashed curves). In 
this method, we add a Gaussian distribution for each clump with an area equal to unity 
and a dispersion equal to the uncertainty in the luminosity obtained from the uncertainty 
in the photometry measurement (as calculated by phot in IRAF). This error is low for the 
brighter clumps (0.16 of a magnitude at log L Q = 7.9) and relatively high for the faintest 
clumps (0.3 of a magnitude at log L Q = 6.57, which is the limiting sensitivity). In this way, 
the fainter clumps can be included with their high uncertainties. The resultant summed 
distributions were then multiplied by 4 to give them a height in Figure 13 comparable to 
the histogram. The Gaussian-sum distributions resemble the binned distributions for the 
low-noise clumps (the dotted histograms), and extend to lower luminosity for the high- noise 
clumps, resembling the counts shown by open squares. The dots in the Gaussian-sum curves 
represent the centers of the bins used for counting. 

The combined luminosity functions for all of the IRAC sources are presented in Figure 
14. The panel on the left is for the sum of the IRAC bands, and the panel on the right is for 
the 3.6 /iin band only, calculated as AA 3 6 F 3 6 and converted to cgs. As in the previous figure, 
the solid curves are for the low- noise sources and the dashed curves are for all the sources 
including those with high-noise. Dots on the curves denote the centers of the counting bins. 
Feature i is the single peak on the right in the left panel; it appears only in the combined 
luminosity function. The open squares are counts for all the sources in intervals of 0.5 mag. 
The two sensitivity limits are shown as x-marks on the abscissae. 

The combined IRAC luminosity function (Fig. 14) is steeper than the usual power law 
with a slope of —1 on such a log- log plot. In Paper IV we also found that the HII region 
luminosity function has a steep drop-off at the upper end. 

A high fraction of clumps are in thin filaments, including the whole eyelid region and 
many of the arcs of spiral arms. In these regions, the complexes look like regular beads 
on a string (e.g., Figs. 2 and 4). Figure 15 illustrates several of the regions where the 
clumps appear evenly spaced. The 8/iin logarithmic image is shown because this band has a 
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particularly good correspondence with star-forming regions, as noted earlier. The top left of 
Figure 15 shows the whole image, with boxes indicating the strings of clumps that are shown 
enlarged below the galaxies. There are other smaller strings evident in the figure too. This 
beading phenomenon is fairly common here: 110 out of the 225 measured IRAC clumps are 
in more-or-less regular strings of three or more members. The scale of 0.5 arcmin indicated 
in the figure is for the expanded images; it corresponds to ~ 5 kpc. The average spacing of 
the clumps in strings is ~ 2 — 3 kpc, and the typical clump diameter is ~ 0.5 — 1 kpc. Figure 
16 shows histograms of the clump luminosities in each of the strings in Figure 15, including 
Feature i in string f. 



3.6. Model Luminosity Functions 

Random power-law luminosity functions were made for comparison with the galaxy 
data. The intrinsic function ranged between the observed lower limit, 10 6 57 L , and an 
arbitrary upper limit of 10 9 L Q , and was of the form n(L)dL oc L~ 2 dL, as typically observed 
(corresponding to a slope of -1 when binning in logL, as in Figs. 13 and 14). To make 
a Gaussian contribution to the distribution function for each model clump, i.e., having a 
width given by the uncertainty in the luminosity and an area equal to unity, the model 
noise for each model luminosity was determined from the empirical relationship between the 
observed luminosity and the observed uncertainty in luminosity (which ultimately came from 
the magnitudes and rms errors in magnitude given by phot). Figure 17 shows the resultant 
model distribution functions. The left column of panels in Figure 17 is for three random 
trials with clump numbers of 10 4 , 10 3 , and 10 2 . The top two panels on the right are for 
different random trials with 116 clumps each, as in the low-noise distribution functions for 
our combined galaxies. The bottom right panel shows 10 random trials (shifted successively 
upward for clarity) with only N = 11 clumps, which is the number observed in the eyelid 
region. Each curve is normalized to have the same area; dots show the sampling interval for 
the histograms. 

Figure 17 suggests that the single bright clump found at high luminosity in the galaxy 
data, which is Feature i, is not unusual when the number of clumps brighter than 10 6 ' 57 L Q 
in IRAC is as small as 116. The distribution functions at high luminosity are ragged in our 
models, commonly giving a single bright clump somewhat removed from the next brightest 
clump. We also see from Figure 17 that all of the model functions with total numbers 
exceeding ~ 100 show traces of the intrinsic power law distribution extending down to the 
sensitivity limit. The gradual drop-off below this limit is from the finite Gaussian widths. 
Even random models with very low numbers of complexes, 11 in these cases, have peaks 
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in the distribution functions close to the sensitivity limit. This differs from the observed 
distributions for clumps in some strings, particularly in the eyelid region. Secondary peaks 
may occur at larger luminosities because of low- number statistics, as in Figure 17, but in 
the models, there is always a prominent peak close to the limit. 

The random-clump models reinforce our impression from Figures 13 and 16: the distri- 
bution function for the eyelid region of IC 2163 drops off too fast at low luminosity to be 
the result of an intrinsic power law that extends below the sensitivity limit. The same may 
be true for other clump strings, but the statistical sampling is too poor to be sure. Also, 
the combined luminosity function for all 116 bright clumps (Fig. 14) appears to drop off too 
fast at intermediate-to-high luminosity to be derived from an intrinsic L~ 2 dL function unless 
feature i is considered a member of the sample. Indeed, the IRAC luminosity of Feature i 
is not so unusual for an L~ 2 function: most of the models with 100 or more clumps had 
the equivalent of a stand-out Feature i. As noted before, there are other unusual aspects of 
Feature i as evident from its peculiar morphology, but apparently not the mass or luminosity 
alone. 

Feature i would appear more unusual if the intrinsic luminosity function fell signifi- 
cantly more rapidly than the assumed L~ 2 dL power law at high luminosity. If the dis- 
tribution function is P(L)dL, then the probability of finding an object with L > X is 
fx P(L)dL/ P(L)dL. For P(L) oc L~ 2 as above, the probability of finding a source 
with L > 10 8 ' 25 L when L min = 10 6 ' 5 L is 1.8%, so among 116 objects, two Feature-i like 
sources might be expected, as discussed above. If P(L) is log-normal like the halo globular 
clusters, P(£) oc exp (£ — £ ) 2 /2<t 2 for £ = log 10 (L) with £ = 7.4 at the peak, a = 0.5, and 
£o >> o (cf. Fig. 14), then the probability that a source is more than X times a brighter 
than the peak is 1 - erf (X/2 1 / 2 ) . Taking X = 2 as in Figure 14 gives a probability of 4.6%, 
which amounts to five Feature-i like sources among 116 total objects. In either case, Feature 
i does not appear to be unusual considering the other bright clusters in these galaxies. 

One explanation for the lack of a power law luminosity function in the eyelid region is 
that the complexes could be so old that fading and evaporation have depleted the low-mass 
members. This is unlikely because the eyelid is a transiently compressed region triggered by 
the recent interaction. The clumps also appear to be young because of their Ha emission 
and IRAC colors (Sect. 3.1). In that case, we expect little disruption and fading during 
their short lives, and a resulting luminosity function for the brightest clumps that resembles 
the initial clump mass function. 

Another explanation for the peaked luminosity function is that the clumps in the strings 
formed by regular gravitational instabilities which gave them a characteristic size and mass. 
This differs from the usual model where small clusters form in a turbulent gas with hier- 
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archical structure and an M' 2 dM power law (Elmegreen & Efremov 1997). The clump 
separations observed here are about the same as those observed for star complexes in the 
spiral arms of many grand design galaxies (Elmegreen & Elmegreen 1983). The formation 
process of these complexes is most likely a gravitational instability in the spiral shock, which 
has locally low shear and a high enough density to be unstable during the arm residence 
time (Elmegreen 1994; see simulations in Kim & Ostriker 2002). In this explanation, what 
makes the IRAC luminosity function unusual (compared to the expected power-law) is that 
IRAC measures whole star complexes and not individual (small) clusters. The luminosity 
functions of young beads on a string in grand design spiral galaxies could have the same 
peaked shape. This is in contrast to the overall distribution of HII complexes in galaxies, 
which have luminosity functions consistent with a power law (Elmegreen & Salzer 1999). 

The most peculiar IRAC luminosity function in Figure 13 is for the clumps in the eyelid 
region. We measured the V and I band magnitudes of 165 individual star clusters in this 
region (to deeper limits than in Paper IV) using our HST data and 3-pixel apertures for the 
photometry. Clusters could be distinguished from stars by their positions on a V-I versus I- 
band color-magnitude diagram and by the relatively high cluster luminosities. The resulting 
cluster I-band luminosity function is shown as the histogram in Figure 18. The luminosity 
function of the sum of the cluster luminosities in each SSC clump along the eyelid is shown 
by the dashed line. These are the luminosities for emission only in the I-band filter and are 
therefore less than the bolometric cluster luminosities. The dotted line has a slope of — 1, 
which is the typical power law slope for clusters on a log- log plot. The high-luminosity part 
of the cluster function does not follow any clear power law, but it is close enough to the 
typical slope to be considered normal. The peak in the histogram is close to the faintness 
limit where measurement errors become important and fainter clusters start to be lost in 
the noise. The summed-luminosity function is significantly above the detection limit and is 
peaked at a value of 10 35 L ; this shape supports the IRAC observation that the luminosity 
function for large clumps in the eyelid is not a power law. 

The eyelid luminosity function for IRAC clumps in Figures 13 and 16, combined with 
the eyelid luminosity function for individual HST clusters in Figure 18, suggest that only the 
star complexes, representing the blended large-scale regions of many young clusters, might be 
considered to have a characteristic luminosity and a peaked luminosity function. Individual 
clusters which comprise these complexes appear to be more scale-free. 

The peaked luminosity functions for IRAC clumps in the eyelid region of IC 2163 and in 
several of the beaded strings of NGC 2207 are analogous to the inferred peaked initial mass 
function for bright clusters in the B region of starburst galaxy M82 (de Grijs, Parmentier, & 
Lamers 2005). The M82 region is much older (~ 1 Gy) than the spiral and ocular filaments 
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in IC2163/NGC 2207, however, so corrections for cluster dissolution had to be applied in 
that study. 

The distinction between power law and peaked mass distributions for individual clusters 
and star complexes may have important implications for the formation of globular clusters 
in the early Universe. Old globular clusters currently have Gaussian distribution functions 
for their magnitudes, unlike young clusters and super star clusters, which have power laws. 
One solution is that the low mass halo globulars have evaporated by now (Okazaki & Tosa 
1995; Baumgardt 1998), but this implies there should be a correlation between the peak in 
the globular cluster luminosity function and the galactocentric distance (Vesperini 2000a,b), 
because clusters closer to the center should evolve faster. Such a correlation is not observed 
(Kundu et al. 1999; see review in Fall & Zhang 2002). Parmentier & Gilmore (2005) recently 
simulated an evolving population of clusters and concluded that the halo population started 
with a Gaussian mass function rather than a power law. One explanation for this Gaussian 
could be that halo globulars form as a result of an instability with a dominant scale (e.g., 
Fall & Rees 1985). This explanation is supported somewhat by the present observations, 
although the geometry and instability are different here. Nevertheless, it seems reasonable 
that different circumstances can give different cluster mass distribution functions. Perhaps 
some halo globular clusters formed by regular instabilities in the spiral arms of interacting 
young disk galaxies. 



4. MIPS emission 

The total IR luminosity (Ltir) of a region can be estimated from MIPS emission using 
the method of Dale & Helou (2002): 

L TIR = 1.559z/L 24 + 0.7686z/L 70 + l.M7vL im . (2) 

To determine the luminosity for both galaxies combined, we used imstat to define a box out- 
lining them and subtracted sky background. The luminosity for both galaxies is Ltfr=8.1 x 10 
L . The L TIR for the whole inner region of IC 2163, including the eyelid, is 2.0 x 10 10 L , 
or about 25% of the total from both galaxies. The Ltir from a region 24" in diameter 
surrounding Feature i is 3.8 x 10 9 L , or 4.5% of the total. Replacing the 2 saturated pix- 
els in Feature i at 24/im by the same values as the surrounding pixels or using double the 
surface brightness at the FWHM resulted in an insignificant change in its flux. Feature i is 
extraordinary at 24/zm, accounting for 12% of the total emission in this passband. All of 
these results use the values in Table 1. 

The total star formation rate can be estimated by multiplying the infrared luminosity 
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(in cgs units) by a conversion factor of 4.5 x 10~ 44 , giving M© /year (Kennicutt 1998). This 
conversion was initially based on IRAS results. Detailed UV, IR, and Ha properties of star- 
forming clumps in M51 by Calzetti et al. (2005) indicate that MIPS emission (particularly 
24/zm) is a good star formation indicator, but that there are variations by a factor of several 
from one galaxy to another because of different possible sources of MIPS emission. The result 
using Ltir is a st ar formation rate of ~14.5 M yr -1 for the combined galaxies. For the 
eyelid, the star formation rate is ~3.6 M yr -1 , and for Feature i, it is ~0.7 M Q yr -1 . The 
eyelid and Feature i contain intense star formation considering their small sizes. In Paper 
IV, we found 15 star-forming regions on the HST WFPC2 images in the vicinity of Feature i 
included in the SST photometry. Their sizes ranged from unresolved to a few dozen parsecs. 
Based on their absolute V magnitudes and [V-I] colors and a comparison with Starburst 99 
evolution models (Leitherer et al. 1999), the masses of these individual regions range from 
~ 2 x 10 4 M Q to xlO 6 M Q with ages of a few million years. These values are consistent with 
the MIPS star formation rate. 

The Ha luminosities correlate with 8/xm and 24/im luminosities in star-forming galaxies 
(Wu et al. 2005). Based on their conversions, we get a total star formation rate from 8/im 
in the combined galaxies equal to 10.8 M yr -1 ; from 24/im, it is 13.7 M yr -1 . These rates 
are similar to those calculated above. 



5. Conclusions 

IC 2163 and NGC 2207 contain several hundred clumps of IR emission strung out along 
thin spiral or oval-like arcs. One star-forming region, called Feature i in our previous HST 
study, dominates the short- wavelength MIPS images; it accounts for 12% of the total 24/im 
emission from the two galaxies. The next brightest regions are in the eyelid of IC 2163, 
where galaxy-scale shocks formed from the recent interaction with NGC 2207. All of these 
regions appear to be young (~ 10 7 yr) based on their optical and IRAC colors, and their 
association with Ha emission. The SED for the IC 2163/NGC 2207 pair matches that of 
other late-type galaxies observed by SINGS. 

The luminosity distribution function of the IRAC clumps in the eyelid region of IC 2163 
shows significant deviations from a power law. The prevalent clump morphology of beads 
on a string in this region and in the spiral arms of NGC 2207 suggests the clumps formed 
by regular gravitational instabilities, in which case the luminosity function is consistent with 
a characteristic mass from the instability. This is unlike the usual situation for individual 
clusters in galaxy disks where the gas and associated turbulent motions produce hierarchical 
structure and power-law mass distributions. The IRAC clumps are much larger than indi- 
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vidual star clusters. Our peaked distribution for the IRAC clumps should be compared with 
the luminosity or mass distributions of giant star complexes in grand design galaxy spiral 
arms. The HST cluster luminosity function in the eyelid region of IC 2163 is in fact closer 
to the standard power law, even though the IRAC clumps there have a peaked distribution 
with a characteristic luminosity of 10 8 L Q . 

We gratefully acknowledge support from NASA JPL/Spitzer grant RSA 1264471 to 
M.K. and RSA 1264582 to D.M.E. for Cycle 1 observations. We thank Bev Smith for helpful 
discussions and an anonymous referee for useful comments. Deidre Hunter kindly provided 
the Ha image, based on observations at Lowell Observatory. 
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Table 1. Integrated Region Flux Densities 
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a Includes eyelid and all of the region interior. 
b All passbands were measured for a 24" box. 



Table 2. Prominent Clump Locations and Flux Densities 
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0.34 


1.76 


4.97 


11.67 




39.4 


14 


24.484 s 


21' 49.52" 


0.69 


0.52 


2.61 


6.91 






39.6 


15 


23.800 s 


21' 50.27" 


0.30 


0.28 


1.76 


4.69 


4.80 




39.1 


16 


23.091 s 


21' 41.86" 


0.73 


0.58 


3.40 


9.35 


19.32 




39.6 


17 


22.465 s 


21' 39.02" 


0.50 


0.42 


2.33 


6.17 


11.64 




39.8 


18 


18.582 s 


21' 55.85" 


0.80 


0.64 


3.48 


9.79 


24.41 




39.7 



Table 2 — Continued 



No. 


RA (J2000) 


Dec (J2000) 


S3.6 


S4.5 


S5.8 


Ss.o 


Q a 
^24 


Q a 
^70 


L(Ha) 




gh 16 m 


-21° 


mJy 


mJy 


mJy 


mJy 


mJy 


mJy 


log L G 


20 b 


15.900 s 


22' 2.82" 


2.70 


2.46 


12.16 


35.09 


277.48 


1628.64 


40.2 



a Pixel sizes for 24/im (2.45") and 70/im (4.0") emissions are much larger than for the IRAC 
bands, which are all 1.2". A direct comparison of tabulated IRAC and MIPS flux densities, to 
give colors for example, should not be made. 

b Feature i 
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Table 3. Measured Clump Locations and IRAC Flux Densities 



ID 


RA (J2000) 


Dec (J2000) 


S3.6 


S4.5 


S5.8 


Ss.o 




gh 16 m 


-21° 


mJy 


mJy 


mJy 


mJy 


i 
i 


OQ QD7 


99' ^Q KA" 
ZZ 00.04 


n an 

U.oU 


n pa 

U.04 


Q KA 
0.04 


1 n qr 

1U.00 


z 


07 sot; 

Z / .oZO 


99' Kr\ p<a" 
ZZ OU.Oo 


1 no 
i.uy 


n 7a 
U. ( 


o.yo 


1 1 09 
1 i.yz 




o 


97 /I 8/1 
Z 1 .4o4 


99' 48 PP" 
ZZ 4O.00 


1 n^ 

l.UO 


n an 

U.oU 


A QQ 
4.00 


1 Q 48 
10. 4o 


A 
4 


97 1 1 ^ 
Z I . 1 10 


oo' /IQ rifi" 
ZZ 40. UO 


n qk 
u.yo 


n 7Q 
u. 1 


4 1 9 
4. 1Z 


1 9 KA 
1Z.04 





OP RQQ 
Z0.000 


99' Q7 nc;" 

ZZ Orf.UO 


n an 
u.yu 


n fia 

U.Oo 


9 QQ 

z.yy 


a 1 
0. 10 


P 



97 DR9 
Z I .UOZ 


99' Q9 Q1 " 
ZZ 0Z.01 


n /is 

U.4o 


n ip 
u.oo 


1 fi9 
l.OZ 


K A7 
0.4 1 


7 


OP /1 1 n 
Z0.41U 


99/ 99 01// 
ZZ ZZ.Ol 


n qq 
u.oo 


n 91 

U.Zl 






o 
o 


zy .uui 


99' Q9 fW 

ZZ oz.uo 


1 1 p 

1.10 


n 81 
U.ol 


Q R1 
0.01 


1 n ok 

1U.ZO 


Q 

y 


98 SIT? 
Zo.oUO 


99' OP Dfi" 
ZZ ZO.UO 


1 79 
1. / z 


1 QQ 

1.00 


R /I7 
0.4 1 


1 Q Q/1 

iy.04 


1 n 

1U 


98 i c;i 
Zo. 101 


99' 1 R 8fi" 
ZZ 10. oO 


1 AP 
1.40 


1.10 


K 1 A 
0. 14 


1 k nQ 

10. UO 


1 1 
1 1 


OP 471 
Z0.4 1 1 


99' 1 9 7fi" 
ZZ 1Z. 1 


1 m 

l.Ul 


n 77 

U. 1 I 


o.yo 


11 AP 
11. 10 


1 9 
1Z 


AP AQP 

io.4yo 


99' 9fi 9/1" 
ZZ ZU.Z4 


n kp 
u.oo 


n ao 

U.4Z 


1C 

z. 10 


fi na 
o.uy 


1 Q 

lo 


9/1 88Q 
Z4.000 


91 ' KC\ Q ^" 
Zl OU.oO 


n aa 

U.44 


n Q/i 
U.o4 


1 7fi 
1. (0 


A Q7 

4.y < 


1 /I 


9/1 /I 8/1 
Z4.4o4 


91 ' /I Q c;9" 

zi 4y.oz 


n pq 
u.oy 


n ^9 
u.oz 


9 fil 
Z.Ol 


P Q1 

o.y 1 


10 


9Q snn 

ZO.oUU 


91 ' ^n 97" 
Zl ou. z< 


n ^n 

U.OU 


n 9a 

U.Zo 


1 7fi 
1.(0 


/I fiQ 

4.oy 


ID 


9Q DQ1 

zo. uy i 


91' /1 1 8fi" 
Zl 41. oO 


n 7Q 
U. ( 


n k<a 

U.Oo 


q /in 

0.4U 


y.oo 


1 7 
1 ( 


99 /I rc; 
ZZ. 400 


91 ' QQ D9" 

zi oy.uz 


n c;n 
U.OU 


n /i 9 
U.4Z 


9 QQ 
Z.Oo 


1 7 
0. 1 1 


lo 


1 8 ^89 
lo.OoZ 


Zl OO.oO 


n an 

U.oU 


n 

U.04 


Q 48 
O.4o 


Q 7Q 

y. 1 y 


1 Q 

iy 


9Q /1 91 
Z0.4Z1 


99' 19 KA" 
ZZ 1Z.04 


1 1 A 
1. 14 


n 89 

U.oZ 


A 1 
4. 10 


11 CO 

1 l.OZ 


ona 
ZU 


1 ^ onn 
lo.yuu 


99' 9 89" 
ZZ Z.oZ 


9 7n 

Z. (U 


Z.40 


1 9 1 
1Z. 10 


qc; no 
00. uy 


21 


16.096 


22 10.39 


0.54 


0.39 


1.86 


5.25 


22 


16.496 


22' 9.23" 


0.44 


0.32 


1.54 


4.51 


23 


16.320 


22' 21.96" 


0.22 


0.17 


1.04 


2.93 


24 


16.631 


22' 29.15" 


0.29 


0.24 


1.25 


3.56 


25 


17.139 


22' 42.72" 


0.27 


0.21 


1.19 


3.09 


26 


17.594 


22' 44.35" 


0.54 


0.38 


2.08 


5.65 


27 


18.340 


22' 32.46" 


0.38 


0.28 


1.80 


5.05 


28 


18.709 


22' 35.67" 


0.42 


0.31 


1.81 


5.05 


29 


18.709 


22' 36.10" 


0.48 


0.33 


1.63 


4.93 


30 


19.619 


22' 40.12" 


0.43 


0.37 


2.02 


5.91 
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Table 3 — Continued 



ID 


RA (J2000) 


Dec (J2000) 


S3. 6 


S4.5 


S5.8 


Ss.o 






-21° 


mJy 


mJy 


mJy 


mJy 


31 

O X 


90 973 

ZjW .Zj i O 


99' 4fi ^4" 

ZjZj iU.ijT: 


99 

U. ZjC/ 


91 

W . Zj X 


1 1 3 

X . XO 


3 91 

O . Zj X 


^9 
oz, 


91 ^9Q 

Zj X .OZjC/ 


99' 49 9fi" 

ZjZj tiZj.ZjU 




n 9Q 


1 49 

X .t:Zj 


4 76 


33 

OO 


93 91 5 

ZjO . Zj -LO 


99' 99 64" 

ZjZj Zj<_/.Wt: 


31 

W. O X 


90 

W .ZjW 


1 49 

X . t:Zj 


4 39 


34 


94 095 


91' 5Q 44" 

Zj X O O . XX 


35 

W . OO 


27 

W . Zj I 


1 46 

X . ttO 


3 59 

O . O U 


35 

OO 


93 683 


91 ' 58 69" 

Zj X OO . WZj 


93 

\J. ZjO 


1 7 

U.l 1 


69 

W. WZj 


1 39 

X . OZj 


36 

OW 


93 341 

ZjO .Ot:1 


91 ' 58 90" 

Zj X OO . Zj w 


19 

W. XZj 


1 

\J . X w 


77 


1 53 

X .OO 


37 

O I 


95 953 

ZjO . ZjOO 


01' ^9 7fi" 

Zj X OZj . 1 W 


31 

W. O X 


99 

W . ZjZj 


1 33 

X . OO 


3 67 

O . W 1 


38 


24 002 


21 ' 4S 1 2" 

_ X tiO . X — 


42 

O . t:Zj 


32 

W . OZj 


1 27 

X . Zj 1 


3 50 

O . O W 


3Q 

Oc/ 


91 694 

Zj X . W J4: 


91' 40 56" 

Zj X t:W . O W 


1 1 

W. X X 


07 


57 

U. O 1 


1 79 

1. 1 J 


4D 


91 038 

Zj X .UOO 


91 ' 43 30" 

Zj X tiO . o w 


14 

W. It: 


09 


78 


9 36 

Zj .ow 


41 

t: X 


20 639 

ZjW . WO<-/ 


21' 44 Of," 

Zj X ttt: .WO 


1 5 

w. xo 


1 1 

W . X X 


82 

W . OZj 


2 29 

Zj . Zj U 


42 


20 382 

ZjW .(JUai 


21' 44 44" 

Zj X X X . X X 


06 

W . WW 


04 

W . Wt: 


41 

O . t: X 


1 09 


4^ 

40 


1 Q ^9(S 

1 c/ . OZU 


91 ' 4fi ^7" 


n 99 

U. ZjZj 


n 1 ^ 

U. -LO 


U. 1 


9 


44 

tit: 


19 911 

J. C/ . Zj X X 


01' 4Q 1 Q" 

Zj X tzO . X O 


39 

\J. OZj 


99 

W . ZjZj 


1 16 

X . X w 


3 39 

O .OZj 


45 

t:0 


19 91 1 


91' 51 10" 

Zj X O X . X W 


40 


31 

\J .O X 


1 70 

X . 1 w 


4 84 


46 


1 9 1 51 

iy . -LO X 


91 ' 59 08" 

Zj X Oct .\JO 


14 

W. 14 


10 

U . X w 


57 

U. O I 


1 95 

X . UO 


47 


lO.UU I 


99' rn 49" 

ZjZj UO.tiZj 


n iQ 


U . X 


U. OO 


9 9fi 

Zj .ZjU 


48 


1 7 865 

X i .OWO 


22' 06 1 5" 

ZjZj wo . X o 


30 

w . ow 


22 

W . ZjZj 


58 

W . OO 


1 78 

X . I O 


4Q 


1 7 607 

X i .WU 1 


99' 1 91 " 

ZjZj X W . <_/ X 


96 

W. ZjW 


90 

U .ZjW 


1 01 

X . W X 


9 63 

Zj . WO 


5D 


18 118 

-LO . -L -LO 


99' 1 4 Q3" 


94 


18 

U . X 


89 

U. OZj 


9 56 

Zj .ow 


51 


i o r A A 

18.544 


OO' 01 oo" 

22 21. oo 


n 1 
0.21 


0.15 


0.63 


1.60 


52 


21.047 


22' 35.05" 


0.42 


0.33 


0.99 


2.66 


53 


21.872 


22' 39.49" 


0.42 


0.26 


0.75 


2.68 


54 


23.831 


22' 59.54" 


0.26 


0.27 


1.12 


2.88 


55 


23.571 


23' 9.88" 


0.20 


0.14 


0.57 


1.62 


56 


24.112 


23' 9.52" 


0.22 


0.15 


0.75 


2.08 


57 


25.208 


22' 36.95" 


0.33 


0.23 


1.14 


3.04 


58 


25.182 


22' 29.39" 


0.40 


0.31 


1.59 


4.31 


59 


29.363 


22' 54.77" 


0.68 


0.50 


2.28 


6.67 


60 


30.876 


22' 48.90" 


0.23 


0.16 


0.76 


2.08 
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Table 3 — Continued 



ID 


RA (J2000) 


Dec (J2000) 


S3. 6 


S4.5 


S5.8 


Ss.o 




6 h 16 m 




-21° 


mJy 


mJy 


mJy 


mJy 


61 

U J. 


31 418 

O X .4:10 


22' 


47.75" 


3fi 


94 

W . Zjt: 


Q7 

W. cf 1 


9 Q3 

Zj . CfO 


f>9 

uz, 


9^ 844 

ZjO .0'i'i 


22' 


24.91" 


n 91 

W. Zj X 


n 14 


n 75 

U. t 


9 ni 

Zj . W 1 


(S3 


93 501 

ZjO .tJW X 


22' 


26.08" 


1 1 

U.ll 


08 

w . WO 


n 43 


1 07 

X . W I 


Wt: 


30 935 


22' 


42.14" 


03 


04 

W . Wt: 


n 27 

W . Zj I 


53 

W . OO 


fi5 


30 fi95 


22' 


32.56" 


00 


00 

W . WW 


n n9 

W. WZj 


07 

W . W I 


uu 


30 478 

(JU.t: 1 O 


22' 


45.69" 


00 


00 

W . WW 


n nfi 

W. WW 


39 

W .OZj 


fi7 


9Q fi94 

Zj<_/ . WZjt: 


22' 


42.44" 


04 


09 

W . WZj 


n nn 

W. WW 


00 

W . WW 


68 

WO 


99 854 


22' 


36.89" 


04 


08 

w . WO 


n 51 

W . tJ X 


1 38 

X . 00 


WC/ 


31 875 

O X .O 1 U 


22' 


45.39" 


91 

W . Zj X 


1 9 

W . X Zj 


n fi7 

W. W I 


9 14 

Zj . 14 


1 W 


39 41 7 


22' 


43.44" 


90 

W. ZjW 


1 3 

W . X 


n Pi? 

W. WZj 


1 8Q 

X .OC7 


71 

1 X 


98 998 

ZjO . <_/ <_/0 


22' 


38.42" 


00 

W . WW 


00 

w . w w 


n nn 

W . WW 


00 

w . w w 


72 

1 Z> 


99 369 

Zj<_/ . U W<v 


22' 


36.85" 


25 

W . ZjW 


1 5 

W . X xj 


n 45 


1 48 

X .tiO 


73 


98 894 

ZjO .OZj4 


22' 


47.56" 


n nn 


n nn 

u.uu 


n 1 1 

u. 1 1 


n 59 


74 


98 3Q7 
ZjO .oy i 


22' 


44.75" 


00 

W. WW 


n nn 

W . WW 


n 35 

w. OO 


1 fin 

X .WW 


75 


98 1 1 1 

ZjO .XXX 


22' 


47.91" 


1 1 

W. X X 


n n9 

W . WZj 


n 97 

W. Zj I 


1 58 

X .OO 


7fi 


98 884 

ZjO .004 


22' 


40.40" 


94 

W . Zjt: 


n 1 5 

W . X 


n ni 

W. W X 


n p,7 

W . W I 


77 


97 ZL^Q 


22' 


37.11" 


n nn 

W. WW 


n nn 

W . WW 


n nn 

W. WW 


n nn 

W . WW 


78 

I O 


97 0^2 

Zj 1 .WUZj 


22' 


37.88" 


1 13 

X . 1U 


n 76 

w . 1 w 


2 25 


7 89 


7Q 


97 90fi 

Zj i .ZjWW 


22' 


27.54" 


Q3 

W. uO 


n 54 


1 fiQ 

X . WC7 


5 fi7 

O . W 1 


8D 

uu 


27 892 

Zj ( .UJZ 


22' 


22.81" 


96 

W . <_/W 


n 67 

w . w 1 


3 67 

u.u 1 


in 93 


O 1 

81 


27.069 


22' 


13.99" 


0.82 


0.60 


3.48 


9.59 


82 


31.682 


22' 


25.47" 


0.06 


0.02 


0.02 


0.05 


83 


31.197 


22' 


29.02" 


0.07 


0.05 


0.10 


0.29 


84 


30.829 


22' 


21.03" 


0.23 


0.18 


1.20 


3.19 


85 


33.418 


22' 


34.35" 


0.06 


0.04 


0.16 


0.51 


86 


33.934 


22' 


25.63" 


0.13 


0.09 


0.50 


1.26 


87 


33.451 


22' 


21.61" 


0.03 


0.03 


0.03 


0.22 


88 


33.108 


22' 


34.38" 


0.06 


0.05 


0.27 


0.79 


89 


23.489 


21' 


43.08" 


0.54 


0.41 


2.03 


6.01 


90 


22.720 


21' 


40.63" 


0.53 


0.43 


2.34 


6.32 
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Table 3 — Continued 



ID 


RA (J2000) 


Dec (J2000) 


S3. 6 


S4.5 


S5.8 


Ss.o 








-21° 


mJy 


mJy 


mJy 


mJy 


Q1 

u X 


1 8 241 


21' 


53.84" 


94 


90 

U .ZvU 


1 07 

l.UI 


9 89 


09 


1 7 77fi 

±1.1 iU 


22' 


16.89" 


1fi 

U. 1U 


1 9 

KJ . X Zv 


80 
u.ou 


9 93 


OS 

VO 


90 S1 1 

ZjU .Oil 


22' 


20.27" 


40 


31 

U .O X 


08 

U. C/O 


9 50 

Zj .UC/ 


Q4 


20 572 


22' 


09.14" 


93 


14 


75 

u. 1 


9 37 


05 

c/O 


21 002 

Zj X . UUZj 


22' 


02.80" 


00 


07 


98 

U. ZjO 


88 

U .OO 


06 

C/U 


21 85Q 

Zj X .OUC/ 


21' 


58.49" 


13 

U. XO 


08 


97 

U. Zj I 


89 

U .Oz 


07 


22 S44 

ZjZj . O 11 


21' 


57.73" 


08 

U. UO 


06 


91 

U . Zv X 


74 

U.It: 


08 


22 431 

Z, Z, . t: O X 


21' 


53.75" 


08 

U . WO 


06 

U . UU 


17 

U. X I 


63 

U . UO 


QQ 


22 686 

ZjZj . UOU 


21' 


55.36" 


1 1 

U.ll 


07 

U.U 1 


30 


1 1 7 

1.1 1 


i on 


22 8S0 

ZjZj .OuU 


21' 


53.38" 


06 


04 

U.Ut: 


93 

U. ZvO 


07 


mi 


24 800 


22' 


23.39" 


35 

U . OO 


96 

U . ZvU 


1 10 

X . X KJ 


9 95 

Zj . <_/ O 


1 D2 


24 020 


22' 


18.62" 


56 

W . UU 


41 

U .t: X 


1 89 

X . OO 


5 37 

O . O 1 


i os 


94 731 


22' 


14.62" 


90 


n if; 


84 


9 3^ 


1 04 


24 039 


22' 


12.65" 


50 

U. Oct 


40 

U .t:U 


9 19 

Z, . X Z, 


6 30 

U.OU 


105 

XUU 


24 620 

Zjt: . UZjU 


22' 


06.65" 


33 


94 

KJ . Zvt: 


1 87 

X . O 1 


4 OS 

t:. ZjO 


1 06 


25 802 

ZjU . O i/Zj 


22' 


37.40" 


10 

U. XU 


05 
u.uu 


74 

U. 1 t: 


9 07 

Zv .U 1 


1 07 


94 880 


22' 


49.67" 


07 


0^ 

U .KJO 


99 
u. z^Zv 


u .uu 




25 827 

ZjO .(jAi 1 


22' 


57.70" 


19 

U. 1Z 


08 

U . U(J 


48 


1 

X . OO 




25 701 

ZvU . 1 jl 


23' 


16.81" 


06 


04 

U.Ut: 


13 

U.IO 


90 

U .ZvC/ 




93 036 


22' 


50.73" 


05 

KJ.KJO 


03 

U .UO 


1 5 

U. X 


39 

U .OZv 


111 


22.4 ?i 


22' 


38.34" 


n ot 

0.27 


n on 

0.20 


n 

0.90 


on 

2.89 


112 


23.476 


22' 


18.91" 


0.08 


0.04 


0.68 


1.83 


113 


18.484 


22' 


27.70" 


0.17 


0.10 


0.17 


0.77 


114 


21.432 


23' 


11.71" 


0.51 


0.40 


2.08 


5.69 


115 


19.242 


22' 


57.61" 


0.23 


0.20 


0.78 


1.98 


116 


19.015 


22' 


55.21" 


0.16 


0.11 


0.66 


1.70 


117 


17.477 


22' 


51.51" 


0.25 


0.19 


0.80 


2.18 


118 


17.647 


22' 


55.10" 


0.16 


0.13 


0.53 


1.44 


119 


17.249 


22' 


50.69" 


0.14 


0.10 


0.60 


1.46 


120 


18.013 


21' 


52.62" 


0.29 


0.23 


1.22 


3.43 
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Table 3 — Continued 



ID 


RA (J2000) 


Dec (J2000) 


S3. 6 


S4.5 


S5.8 


Ss.o 




6 h 16 m 




-21° 


mJy 


mJy 


mJy 


mJy 


121 


1 5 7(14 

xo . 1 U1 


21' 


53.25" 


n iq 

U. XC/ 


n 1 5 


U. C/U 


2 fin 

Z .UU 


122 


1 ^ 64Q 

xo .Ulj 


21' 


48.07" 


n in 


n riQ 


n ^4 


1 fi1 


193 

XZO 




22' 


35.92" 


18 


n 1 3 

U.IO 


n 83 

U. OO 


2 14 


194 


16 122 

XU . X ZjZj 


22' 


17.17" 


1 7 

W. X 1 


1 2 

U . X Zj 


78 

u. 1 


1 95 

X . U O 


195 

XZO 


2D 578 

ZjU .O 1 O 


23' 


09.26" 


n 13 


n m 


n 4Q 


1 31 

X .O X 


12fi 
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Fig. 1. — IRAC images (top) and MIPS images with wavelengths indicated, all plotted on 
a logarithmic intensity gray scale. The HST WFPC2 B-band image is also shown. The line 
in the upper left shows a scale of 30 arcsec (5.1 kpc). (Image degraded for astroph) 
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Fig. 2. — A composite color image of the four IRAC images is shown, with bluer colors 
for shorter wavelengths and redder for longer. The dwarf galaxy in the east has an IRAC 
luminosity of ~ 10 6 L©, assuming it is at the same distance of 35 Mpc. Its [3.6]-[4.5] color 
of -0.17 mag is the same as that observed in a sample of galaxies of morphological T-type 5 
(Pahre et al. 2004b), consistent with it being an elliptical. (Image degraded for astroph) 
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Fig. 3. — The continuum-subtracted Ha grayscale is shown with contours from the 8/im 
emission to emphasize the good correspondence of the peaks. Contour levels for 8/im are 
0.5, 2, 4, 8, 16, 32, and 64 MJy/sr. (Image degraded for astroph) 
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Fig. 4. — A map of 3.6 /im divided by the 4.5 /xm. Black regions have low values of this ratio. 
The nuclei disappear but the star-forming beads become more prominent as dark regions. 
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Radius (px) 

Fig. 5. — Radial profiles of intensity for 3.6/im and 4.5/xm emission and of the 1(3.6) /I(4.5) 
ratio show the nuclei of both galaxies as the biggest peaks in the individual channels. The 
radial color profile is uniform in the interarm and nuclear regions and dips down in spiral 
arms. 
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Fig. 6. — Measured clumps are shown circled on this IRAC 3.6/im image; the objects in 
squares are stars. The image has a logarithmic intensity scale. The clumps whose properties 
are in Table 2 are indicated by numbers. Feature i is also labeled. A total of 225 clumps 
were measured. (Image degraded for astroph) 
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Fig. 7. — Color-magnitude diagrams are shown subdivided according to different positions in 
the two galaxies, with open symbols for clumps in IC 2163 and closed symbols for clumps in 
NGC 2207. The left-hand panels include all clumps, whereas the right-hand panels show only 
the low-noise clumps. Horizontal dotted lines are the estimated sensitivity limits. Feature i 
is the brightest source, followed by clumps in the eyelid of IC 2163. 
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[3.6] - [4.5] 

Fig. 8. — Color-color diagrams for [4.5]-[5.8] versus [3.6]-[4.5] separated according to regions 
in IC 2163 and NGC 2207, with the same symbols as in the previous figure. The diamond 
represents late-type stars, the plus sign represents dust, and the two X's represent the nuclei 
of IC 2163 and NGC 2207, which are predominantly starlight in the IR. 
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Fig. 9. — Color-color diagrams for [5. 8] -[8] versus [4.5]-[5.8], with the same symbols as in the 
previous figure. 
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Fig. 10. — Two regions of star formation shown with spiral IRAC 8/xm contours on HST 
B-band grayscale. The contours are 2.. .(2). ..10. ..(5). ..40, 60, 80, 100 MJy/ster and the field 
of views are 24 arcsec on a side, like the integrated regions in Table 1. Feature i (left) is 
the brightest source in both galaxies. It contains two super star clusters, numerous other 
clusters and associations, 4 IRAC sources, supernova 1999ec, and several dark dust clouds. 
IRAC source 9 (right) is in the eyelid of IC 2163. The field of view contains 2 super star 
clusters and 2 other IRAC sources. The 2.2 arcsec resolution at 8/iin is shown by the circle 
with a plus-sign. 
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Fig. 11. — The Ha and IRAC luminosities for the clumpy emission are shown. The correla- 
tion is approximately linear. The wide scatter is presumably the result of variable ages and 
extinction in the optical. 
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Fig. 12. — (solid lines) Spectral energy distributions are shown for the clumps in Table 2, 
with the log of the flux density, \F\, plotted as a function of the wavelength. HST and SST 
data are combined. The SEDs are also shown for the combined galaxies, the eyelid of IC 
2163, Feature i at short wavelength (line with open circles) and a 24" box around Feature i 
at all wavelengths (dotted line with x-marks). 
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Fig. 13. — The luminosity distribution function based on IRAC emission is shown for the 
clumps in IC 2163 and NGC 2207, sorted according to location. The brightest region in 
both galaxies (Feature i) is the single peak to the right of the main peak in the upper 
right panel. The dotted histograms indicate counts of low-noise clumps in bins of 0.5 in 
the log of the luminosity. The open squares are counts for all of the clumps, binned in 
the same way. The curves are histograms of another type, binned in intervals of 0.1 in the 
log, and made by summing Gaussian contributions from each clump. This smooths out the 
luminosity functions and allows inclusion of the measurement uncertainties as dispersions in 
the Gaussians. The solid line is for the low-noise clumps and the dashed line is for all of the 
clumps, including those whose luminosities are not well determined. The x-marks on the 
abscissae are the estimated sensitivity limits, based on the upper limits to the magnitudes 
on the right-hand side of Fig. 7. The dotted line in the upper left panel has a slope of — 1, 
which is typical for cluster mass functions. 
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Fig. 14. — The luminosity distribution functions for IRAC (left panel) and 3.6/iin (right 
panel) bands, regardless of location. The open squares are counts for all of the clumps in 
bins of 0.5 in the log of luminosity. The curves are Gaussian sums as in Fig. 13 with solid 
lines for low-noise clumps and dashed lines for all the clumps. The bins used for the Gaussian 
sums are shown by the dots. Sensitivity limits for all IRAC bands combined and for the 
3.6yum band alone are plotted as x-marks on the abscissae. 
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Fig. 15. — The 8/im logarithmic image is shown in the upper left, with outlined strings of 
clumps shown enlarged below. The scale of 0.5 arcmin applies to the enlarged figures and 
corresponds to ~ 5 kpc. Virtually all of the bright clumps are in such strings. The regularity 
of the strings may account for the non-power law luminosity functions. (Image degraded for 
astroph) 
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Fig. 16. — Histograms for the distributions of IRAC luminosities in each of the 6 bead-on- 
a-string regions shown in Fig. 15. The detection limit is indicated by an x-mark on the 
abscissa of each panel. 
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Fig. 17. — Model luminosity functions of a coeval population of clumps with an intrinsic 
power law mass function having a slope of -1 on this diagram and a lower luminosity cut- 
off of log L=6.75, the sensitivity limit found for IC2163/NGC 2207 (shown by the x-mark 
on each abscissa). The models assume random sampling from the intrinsic function. The 
Gaussian-sum technique is used to smooth the curves and to take into account the effect of 
measurement errors dependent on luminosity, as in Figs. 13-14. The plotted numbers are 
normalized to give the same histogram areas in each panel. The actual numbers of clumps 
used for these models are indicated. The top two right-hand panels use different random 
numbers but both have a number of clumps equal to the observed number of low-noise 
clumps in our galaxy pair, 116. The bottom right panel has 10 random trials with only 11 
clumps each, the same number as in the eyelid. Each trial is shifted upward for clarity; the 
vertical scale is indicated on the right hand axis. These stochastic models show that the 
overall power law should be apparent even for as few as ~ 100 clumps. Fluctuations at the 
high luminosity end for the N ~ 100 — 116 cases can account for stray peaks such as that 
produced in Fig. 13 by Feature i. When N is very low, such as 11, the model functions still 
have a peak near the sensitivity limit, unlike the eyelid region. 
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Fig. 18. — Luminosity distribution function in the I-band of 165 star clusters observed by 
HST in the eyelid region of IC 2163. The dashed line with circles is the luminosity function 
at I-band for the sum of the clusters in each IRAC-defmed star complex. The dotted line 
has a slope of —1. 



